Mapping regulatory variants for the serotonin transporter gene based on allelic expression imbalance
There have been a large number of inconsistent reports of an association between a functional polymorphism (5HTTLPR), located in the promoter of the serotonin transporter gene, and susceptibility to depression and anxiety disorders. 1 However, it is not known how many other sequence variants contribute to transcriptional variation of the serotonin transporter gene, nor whether their presence might confound interpretation of 5HTTLPR genetic association studies.
We explored these questions by measuring the relative abundance of allelic transcripts of the serotonin transporter gene by analysing heterozygoustranscribed polymorphisms in cell lines genotyped by the HapMap consortium. A quantitative analysis of the transcribed polymorphism will show an allelic expression imbalance (AEI) in those individuals who are heterozygote for both the transcribed variant and the cis-acting variant.
Thirty-three unrelated lines from HapMap CEPH trios, heterozygous for single-nucleotide polymorphism (SNP) rs1042173, were used to measure the ratios of SLC6A4 allelic transcripts. The CEPH HapMap trios were genotyped for the 5HTTLPR and the L G /L A alleles 2, 3 and were phased relative to the alleles of rs1042173. In cases where the phase was in the opposite direction to the common diplotypes, we inverted the ratio of the allelic expression. We then calculated the average expression ratio for each genotype group (SS, LS, LL,
Significant AEI was observed for the LS (mean ratio = 0.76, n = 17, P = 0.0043) and the L A S (mean ratio = 0.77, n = 14, P = 0.022) genotype groups, but not for other genotype groups. These results are not consistent with an effect from the L G allele, but our conclusions are limited by a small number of observations. In the LS group (n = 17) after inverting the ratios based on the 5HTTLPR-rs1042173 phase, all but one ratio was less than 1, indicating a greater expression of the L relative to the S allele. Within the complete homozygote groups (L A L A and SS, mean ratio = 1.07, n = 14), there were four samples (29%) showing an allelic ratio greater than 1.2.
As this result suggests that additional factors besides the 5HTTLPR influence the SLC6A4 transcription, we tested the extent to which the distribution of allelic transcripts ratios is explained by the genotypes (homozygotes vs heterozygotes) of 55 SNPs distributed in a 100 kb window surrounding the SLC6A4 gene. The genotypes of two SNPs besides the 5HTTLPR showed a significant correlation with the allelic transcript ratios, above the 5% permutation threshold ( Figure 1 ). The most significant SNP is rs16965628 located in the middle of the first intron (mean G/C ratio = 0.47, empirical P = 3 Â 10 À5 , maximum proportion of variance explained (PVE) = 0.52, minor allele frequency = 6%). The second SNP is rs2020933 (mean T/A ratio = 0.46, empirical P = 0.0014, PVE = 0.45) located in the first intron, 870 bp from the end of the first non-coding exon (1A). The two SNPs are in high correlation (r 2 = 0.79) with each other but not with the 5HTTLPR. The 5HTTLPR Figure 1 Results of association mapping of AEI. The minus log of the P-value (Àlog P) for the differences between the distribution of allelic expression imbalance in homozygotes and heterozygotes is shown by the height of the vertical lines for 55 SNPs in 100 kb surrounding the SLC6A4 gene. The horizontal dashed line is the overall 5% significance threshold empirically estimated by permutations. The location of the three significant variants, rs16965628, rs2020933 and 5HTTLPR, is indicated. The location of the SLC6A4 gene exons (red boxes) and introns (red connecting lines) is shown in the bottom of the plot.
showed a more modest association (empirical P = 0.039, PVE = 0.21). The AEI effect of the 5HTTLPR, after removing samples that are also heterozygotes for rs2020933, becomes more significant (average AEI = 0.75, n = 14, P = 0.000078). The total variance (of allelic ratio) explained by the two SNPs, which do not have independent effects, is about 50% and increases to 70% by adding the 5HTTLPR. There is only one individual (GM12717) with an extremely strong AEI (ratio = 2.4), which is homozygous for rs2020933, rs16965628 and the 5HTTLPR. This individual is the only heterozygote for a rare SNP, rs8073965, located 2.6 kb from rs2020933.
We assessed our results in two neuronal cell lines, IMR-32 and SK-N-MC. We measured the allelic transcript level using SNP rs6354. The SK-N-MC cell line showed an imbalance in allelic expression, with a corrected C/A ratio of 1.42 (P = 4.65 Â 10 À10 ). The ratio for IMR-32 was not significantly different from 1 (ratio = 1.09, P = 0.065).
To identify potential cis-acting variants, all coding sequences (15 exons) and promoter regions from the two cell lines were sequenced. IMR-32, which does not show AEI, is heterozygote for the 5HTTLPR but not for any other SNP. The SK-N-MC cell line is homozygote for the 5HTTLPR and for all other variants in the sequenced regions. We genotyped the cell lines for two of the SNPs that were identified to be potentially functional, rs2020933 and rs8073965. IMR-32 is homozygote for both SNPs, whereas SK-N-MC is heterozygote for rs2020933. This is consistent with the functional role of rs2020933 or other SNP in linkage disequilibrium and reinforced by the fact that the SNP is relatively rare in European populations (less than 10% are heterozygotes).
We asked whether two SNPs, rs2020933 and rs8073965, might individually, together or in combination with the 5HTTLPR contribute to variation in the anxiety and depression-related personality trait of neuroticism (N). SNP rs16965628 was not tested because of its high correlation with rs2020933, but we decided to test rs8073965 because, as noted above, the most extreme AEI was in the one individual (GM12717) that was heterozygote at this marker.
We genotyped 768 unrelated individuals from the extremes (10%) of the N-score distribution that were previously genotyped for the 5HTTLPR. 4 The allele distributions of rs2020933 and rs8073965 were not significantly different (P > 0.05) in the two extreme N groups as well as the haplotypes distribution of the two SNP and the 5HTTLPR.
Our results demonstrate how the effect of multiple genetic variants on gene expression can be efficiently investigated by assaying allelic imbalance in cell lines genotyped by the HapMap consortium. We have demonstrated that the 5HTTLPR and additional two SNPs contribute to variation in the expression of the serotonin transporter gene. These SNPs are in high correlation with each other, but not with the 5HTTLPR polymorphism, whose contribution to heritable expression variation is well studied. Wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, UK and
The serotonin transporter gene (SERT, SLC6A4) remains a candidate of high interest in obsessivecompulsive disorder (OCD) because patients with the disorder respond to central nervous system serotoninenhancing agents, such as selective serotoning reuptake inhibitors or clomipramine. Furthermore, SERT's most-studied functional polymorphism, 5-HTTLPR, has been associated with both the diagnosis of OCD in several studies 1,2 though not all; 3 and also with factor analysis-derived endophenotypic OCD subgroups. 4 An uncommon rare functional variant, I425V, which was originally found to segregate with OCD in two families, 5 was recently reported in an additional three OCD families. 6 In these five families, 10 diagnostically evaluated individuals with I425V all had OCD, and no one of the other eight family members without I425V had OCD (two individuals declined participation). SERT I425V is extremely rare in control populations. 5, 6 To extend the investigation of these two SERT variants, 5-HTTLPR and I425V, a selected cohort of individuals with psychiatric interview-assessed OCD were genotyped as described previously for 5-HTTLPR 1 and using a pyrosequencing method for I425V. 7 Clinical characteristics of this sample have been detailed previously. 8 The majority of the OCD sample was Caucasian (over 90%) whereas a similar proportion of the control sample was Caucasian.
As indicated in Table 1 , an association between SERT 5-HTTLPR and OCD diagnosis in the 149 new
